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Introduction
Nanowire waveguiding structures are considered as a good candidate for nanotechnology and also for sensing due to their unique properties with high surface-to-volume ratio [1] [2] [3] . Conventional semiconductor nanowires, such as, silicon nanowires are widely used in sensing applications because their electrical response can be influenced by the change of the chemical environment [4] . In optics and photonics, silicon-oninsulator (SOI) based nanowires have been used as optical sensors because they have the advantage of high index contrast and low optical power losses [5] [6] [7] [8] [9] [10] . Recently, polymer nanowires are alternatively being used as optical waveguides in sensing applications due to their attractive features. The polymer nanowires have better mechanical flexibility compared to semiconductor nanowires and they are biocompatible materials which can have different functional dopants [4, 11] . Hence, there is a variety of possible sensing applications due to their favorable optical and electrical properties. By exploiting their better chemical selectivity, polymer nanowires can be used to detect a wide range of chemical compounds including toxics gases, metal ions, and DNA [12] [13] [14] . The polymer nanowires have been studied for use as chemical sensors, biosensors, organic light emitting diodes, and organic solar cells [12, 14, 15] . It has been reported that polymer nanowires can be used in humidity sensing and NO2 and NH3 detection with 30ms response time and high sensitivity [16] . The utility of fluorescent polymer nanofibers to detect the metal ions (FE 3+ and Hg 2+ ) is also possible [13] . They can be modified as electrical conducting polymer nanowires and can be used to detect NH3 gas at a concentration as low as 0.5 ppm [15] .
There are several possible techniques to fabricate the polymer nanowires. Electro-spinning is the conventional technique to fabricate the 50-300 nm diameter polymer nanowires [17] . The nanowires obtained from this technique are multiple, overlapped, and randomly oriented. The multiple-nanowires have slower response and lower sensitivity compared to single-nanowires because their responses are the average response from many nanowires [16] . A scanned electro-spinning and direct drawing of solvated polymers technique have been developed to achieve individual oriented polymer nanowires [18, 19] . Another bottomup fabrication technique used to obtain single nanowires is a combination of self-assembled mono layer deposition and electrochemical polymerization [20] . However, none of these bottom-up techniques enable a reliable and high throughput for the large-scale of patterned nanowires. The top-down fabrication techniques, such as the laser interference patterning (LIP), combined with inductively coupled plasma (ICP) and nanoimprint provide a uniform and oriented nanowire structure in large-scale [21] . The nano-imprint technique promises a simpler, less time consuming, and lower cost process with highthroughput compared to the others [22] . In this work, the polymer nanowires are fabricated using the nano-imprint technique. The nanowires are designed to be a part of an integrated optics device. With this nano-imprint technique, the dimension and uniformity of the polymer nanowire can be better controlled. The characteristic of the nanowire is investigated by studying the attenuation coefficient or the loss. The loss of nanowires can be due to the volume absorption and the surface scattering [23] . In this type of nanowire, the surface scattering is the dominant factor of the loss. This paper discusses the design and simulations of the polymer nanowire, the fabrication process and presents experimental results. The polymer based nanowires are intended to be used as an integrated optics transducer to detect the index difference when there is a change in refractive index of the cladding material. The sensing region of this polymer nanowire is located at the interface between the guiding area and the cladding region where the evanescent field exists. In order to achieve a highly sensitive polymer nanowire the dimensions of the structure, namely the width and height, need to be optimized to enhance the evanescent field in the sensing area. This can be carried out by studying the possible mode field and the power confinement variation for different structural dimensions, operating wavelength and cladding materials. The H-field Finite Element Method (FEM) approach is used to model and simulate the proposed structures. The fabrication part includes the master silicon nanowires production process and the nano-imprint technique. The silicon nanowires are used as the hard mask for the nano-imprint method. The ormocomp polymeric material has a refractive index value of 1.52. However, the sidewalls of the fabricated ormocomp nanowires are non-vertical due to the anisotropic wet etching used in the fabrication process. A comparison between vertical and non-vertical polymer nanowires is also presented. The experimental part consists of optical image processing and the extraction of the attenuation coefficient of this nanowire. The surface roughness of the fabricated nanowire causes the majority of light scattering and this is the dominant parameter that affects the attenuation coefficient of the nanowires.
It is worth mentioning at this stage that in the design and simulations section, the analysis focuses on nano-wires with more desired idealistic vertical side-walls. This configuration maximized the power inside the core with minimum power in the substrate region. The guided modes hence become very sensitive to the change of the refractive index of the environment. This design is expected to give the best system response. However, during fabrication, it was noticed that lower slab region was not completely removed, so, the effect of this has also been simulated. Similarly, non-vertical sidewalls, which typically results due to imperfection in the fabrication process, reduce modal confinement in the core. The modes tend to leak to the substrate region degrading the system response to the change in the surrounding media. This effect is examined in the experimental part where the theoretical analyses are performed to measure the intensity profile of the fabricated wires.
Design and Simulations

Design of the Nanowires
The nanowires proposed in this work are intended to be used in an integrated optics sensing device. Therefore, these nanowires are designed to be easily connected to other optical devices, such as an optical coupler and an interferometer, by having a feed waveguide and tapered waveguide attached to their ends. The tapered waveguide plays an important role in reducing the power loss when the light couples from the feed waveguide to the small dimensional nanowires [24] . Thus, the power of light interacting with the sensing material is enhanced. The design of the nanowire structure considered in this work and its cross section are shown in Fig. 1 .
The integrated nanowire structure consists of the nanowire with length Lnw, the tapered waveguide with length Ltp=270 m and the feed waveguide with length Lwg as shown in Fig. 1 . The overall structure has a length of Lo=5000 m. The nanowire width (W) is varied from 0.5 m to 1.0 m but it has a constant height (H) of 0.5 m. For the purpose of this study, the nanowires are designed to have different lengths (Lnw) in each set. A set of nanowires contains one reference feed waveguide, one reference tapered waveguide and four different nanowires with lengths 250 m, 500 m, 1000 m and 2000 m. The nanowires of different lengths are used to study the attenuation coefficient αnw. The purpose of the two reference waveguides is to eliminate the effect of the feed waveguide and the tapered waveguide in the calculation of the attenuation coefficient of the nanowires (αnw).
Numerical Calculations
To study the behavior of this ormocomp nanowire, the full vectorial H-field finite element formulation [25] has been applied for the modal analyses of the nanowire structure, to determine the propagation characteristics of the fundamental optical mode. There are two approaches which can be used with the FEM, the Raleigh-Ritz variational method and the Galerkin method of weighted residuals. In our case, the variational approach is used and the governing differential equation is not solved directly, but the variational expression is formulated as a functional, as shown in Eq. 1. The functional used to solve the problems is related to the standard eigenvalue problems, and the modal characterization is obtained by minimizing this functional. 
where H is the full vectorial magnetic field, * represents a complex conjugate and transpose, is the angular frequency of the wave, 2 is the eigenvalue, and and are the permittivity and permeability, respectively. In this paper, the possible mode fields and power confinement of ormocomp nanowires are studied over the wavelength, the width and the height of the nanowire structure, and the different cladding materials. First, the structure is designed to be a single Fig. 1 : A schematic of the nanowire structure connected with a feed waveguide and a tapered waveguide, and its cross section. The feed waveguide has width Wwg, and length Lwg. The nanowire (Lnw) with width W and height H is attached to the tapered waveguide Ltp. The total length of the nanowire structure (Lo) is 5000 m. mode nanowire. Therefore, the nanowire is assumed to have a fixed dimension with the width and height of 0.5 m and 1.0 m, respectively. The ormocomp nanowire with refractive index of 1.520 is designed to be on fused silica substrate with the refractive index of 1.446. It is surrounded by water (n=1.333 at room temperature) as the cladding material. The H-field vector formulation of FEM is used to calculate the modal properties of this waveguide structure by varying the wavelength of excitation. In this case, cold white light with operating wavelength between 400 nm and 700 nm is used as a light source. With this structure, both quasi-TM mode (H x 11 ) and quasi-TE mode (H y 11 ) are considered. The variation of the effective index of these allowed modes and the power confinement in each region of the nanowire with respect to the operating wavelength are shown in Figs. 2(a) and 2(b), respectively. The effective index of the fundamental mode, as shown in Fig.  2 (a), decreases with the increasing wavelength for both the quasi- TM and quasi-TE modes as the waveguide dimension reduces compared to the wavelength. The quasi-TE mode has higher effective index compared to the quasi-TM mode as the width of the waveguide is bigger than its height, which means that the light is more confined in the core region for the quasi-TE mode than the quasi-TM mode, as presented in Fig. 2 (b). The insets in Fig. 2(a) show the comparison of the dominant Hy field of the fundamental quasi-TE mode (H y 11 ) in the 1.0 m wide and 0.5 m high ormocomp nanowire with the operating wavelength of 400 nm (left inset) and 700 nm (right inset). As shown in Fig. 2 (b), the light is better confined in the guiding region at a lower operating wavelength. Therefore, the evanescent field extending into the cladding region is less compared to the light guided inside the core. The cladding region, where the evanescent field extends, is considered to be the sensing area. Thus, the high power confinement in the cladding is the key parameter to achieve better sensitivity. However, the power loss in the substrate is also greater with the higher operating wavelength because it is close to the cutoff wavelength. To obtain high power confinement in the cladding region together with a good confinement in the guiding area, the 650 nm wavelength (red region) is used as the operating wavelength in the following studies and in the experimental work.
With the fixed operating wavelength at 650 nm (red light source), the effect of the waveguide width on the mode field and power confinement of the fundamental modes has been studied as shown in Fig. 3 . The study assumes a structure with the height 0.5 m and width which varies between 0.5 m and 1.0 m. In this case, the cladding media is water (nc =1.333). The effective indices of the fundamental quasi-TM and quasi-TE modes are increased when the nanowire structure becomes larger. The larger size nanowire allows the light to be more confined due to the greater volume of the guiding region. Fig.  3(a) shows that at the width of 0.75 µm, the effective index obtained in both the quasi-TM and quasi-TE modes are about 1.446, which is the refractive index of the fused silica substrate. Therefore, the light starts extending into the substrate leading to a large power loss when the width of the structure is less than 0.75 µm. The left inset shows the extension of Hx-field into the substrate when the structure has 0.70 µm width. The right inset presents the Hx-field confined in the 1.0 µm width structure. For Fig. 3(b) , the maximum power confinement in the cladding region is achieved when the structure has the width of 0.80 µm.
With the width larger than 0.80 µm, the power confinement in the cladding region is slightly decreased due to the better confinement in the core region. For the structure below 0.80 µm, the power confinement in both the cladding and guiding regions are significantly decreased because the power is lost into the substrate. The optical field extends in the substrate due to the cut off limit. The cut off limit for this nanowire structure can also be identified by studying the spot size, which is taken as the area where the field intensity drops to 1/e of its maximum intensity. The change in the spot size with respect to the width of the nanowire is shown in Fig. 4 . It can be noted that this waveguide remains single-moded when the width, W, is reduced below 1.55 µm and 1.65 µm, for the quasi-TE and the quasi-TM modes, respectively. The spot size of the large nanowire increases with its width. This is due to the large volume confinement in the guiding region. The smallest spot size represents the region close to the cut off limit. The quasi-TM mode has bigger spot size compared to the quasi-TE mode and approaches its cut off limit before the quasi-TE mode. For the quasi-TM mode, the structure is close to the cut off when reducing the structure width to 0.80 µm whereas the nanowire structure can be scaled down to 0.70 µm for the quasi-TE mode. For the small nanowire below the cut off limit, the spot size becomes larger due to the expansion of the light in the substrate.
To prevent the nanowire to be in the cut off region, the nanowire with 1.0 m width and 0.5 m height operated at 650 nm wavelength is considered in the next study. The nanowire is intended to be used in biosensing applications, so the study of the sensitivity over the cladding material, which is mostly in solution form, is studied. The refractive index of the cladding medium is varied in the range of 1.333 to 1.400. The sensitivity of the nanowire (S) can be calculated by obtaining the effective index difference (∆ ) over the change of refractive index of the cladding material (∆ ) as follows [26] :
where ∆ and ∆ can be obtained as follows:
where is the refractive index of cladding material varied from 1.333 to 1.400 in this case, , is the reference refractive index which is 1.333 (water), is the effective index obtained with the presence of each cladding material and , is effective index obtained with the water cladding. The sensitivity of this nanowire structure with respect to the change of cladding material is shown in Fig. 5 . It can be observed from Fig. 5 that the sensitivity of the nanowires (presented along left y-axis) exploiting quasi-TM mode is greater than that of the quasi-TE mode, and this value increases when the refractive index of the cladding material is increased. Even though the quasi-TE mode has greater effective index, the effective index changes with respect to the cladding index is less. The greater effective index difference in the quasi-TM mode can be enhanced by increasing the field intensity at the interface between the cladding material and the guiding region where the evanescent field exists. It can be observed from the change in the cladding power confinement with the variation of the refractive index, shown along the right y-axis of Fig.5 , that as the cladding refractive index increases, the Power confinement in the cladding also increases, thus improving the sensitivity of the device.
Fabrication Process
The polymer nanowire is fabricated using the nano-imprint method. It is basically the method to transfer the pattern from the silicon master nanowire onto the ormocomp layer. Below, the fabrication process of the silicon master and ormocomp nanowires are discussed. As mention earlier, the dimensions of the nanowires to be fabricated are fixed at the width of 1.0 m and height of 0.5 m. The nanowires are fabricated as a set with different lengths. The four different nanowires lengths considered here are 250 m, 500 m, 1000 m, and 2000 m. In addition, the feed waveguide and tapered waveguide references are included in the set.
Silicon nanowire fabrication
The ormocomp nanowire can be obtained by transferring the pattern from the silicon nanowire. Therefore, the master silicon nanowire needs to be hard mold in the nano-imprint technique. The main fabrication process of silicon nanowires includes photolithography and wet etching. The silicon nanowires are fabricated on a 6-inch silicon wafer. First, the oxide layer is deposited on the substrate using low pressure chemical vapor deposition (LPCVD) at 1000C. Then 1.09 m thickness of sumitomo PFI-34A photoresist is spin-coated on the oxide layer. The pattern of the set of nanowires is transferred onto the photoresist layer by UV exposure for 340 ms. The power of the UV lamp in this treatment delivers 350.81 mW/cm 2 . After postbaking at 110C for 3 mins, the photoresist is developed using tokuyama SD-W for 60 s. The hard bake then needs to harden the photoresist pattern and prepare it for the next oxide etch. Buffered oxide etch (BOE) is used to etch the oxide layer. It is a wet etch made of 40% ammonium fluoride (NH4F) and 49% hydrofluoric acid (HF) in the volume ratio of 6:1. Finally, piranha solution is used to remove the residual photoresist on the silicon nanowire pattern. Piranha is a solution made of 70% sulfuric acid (H2SO4) and 30% hydrogen peroxide (H2O2) with the ratio of 4:1. A SEM image of the fabricated nanowire is shown in Fig. 6 . The fabricated set of silicon nanowires consisting of four different lengths of nanowires and two reference waveguide can be seen in Fig. 6(a) . Fig. 6(b) shows the magnified part of the silicon nanowire including the sidewall surface and cross section. The surface roughness is clearly seen in the Fig. 6(b) and it is measured to be around 0.1 µm. Even though, the silicon nanowire is designed to have a vertical sidewall, the wet etching makes the nanowire to have non-vertical sidewalls. Measurements show that the sidewall angle is around 75.
Ormocomp nanowire fabrication
The polymeric material ormocomp is used to fabricate the polymer nanowire. It is a UV curable material for the nanoimprint process with a refractive index of 1.52. To perform the nano-imprint process, the nanowire pattern is transferred from the master silicon nanowire onto the ormocomp layer using PDMS (Polydimethylsiloxane). The silicon nanowire is considered to be the hard mold whereas the PDMS is considered to be the soft mold in the nano-imprint technique. First, the PDMS has to be prepared by mixing the silicone elastomer base and curing agent with the ratio of 7:1 by weight. This ratio can be varied depending on the desired hardness of the PDMS mold. The mixture is then coated on the desired master silicon nanowire and undergoes the degas process for 30 minutes in order to remove all the bubbles. To harden the PDMS, it is cured at the temperature of 100 C. After the curing process, the PDMS is removed from the silicon substrate. The pattern created on the PDMS soft mold is the reverse pattern of the silicon nanowire. The process flow to obtain the PDMS soft mold is shown in Fig. 7 .
The next step is to transfer the pattern from the PDMS soft mold onto the ormocomp layer. The ormocomp nanowire is fabricated on a glass substrate. First, the ormocomp is dispensed on the substrate. Next the PDMS mold is used to stamp the nanowire pattern on the ormocomp layer. Then, the ormocomp is cured with UV light for 5 minutes. After that the PDMS is removed. The same pattern with the silicon hard mold is now expected to appear on the ormocomp layer. The nano-imprint process using PDMS stamped on ormocomp layer is shown in Fig. 8 . However, the fabricated ormocomp nanowire obtained here is a rib waveguide instead of a strip waveguide. This is due to the leftover of ormocomp layer on the glass substrate. The image of the ormocomp nanowire obtained from the nano-imprint technique is shown in Fig. 9 . The optical microscope images of the ormocomp nanowire at different magnifications are seen in Fig. 9 . The non-vertical sidewall structure can also be observed from the optical microscopic image as shown in Fig. 8(d) . The upper width is measured to be 1.03 m, and the lower width is measured to be around 1.55 m. This result agrees the image obtained from the AFM as shown in the inset. From the AFM, the width at the top surface is 1.0 m whereas the width at the substrate is 1.6 m.
Results and Discussions
In this section we present the results from the actual fabricated nanowires. The nanowire from the fabrication process has a rib structure with the slab thickness (t) due to the residual ormocomp layer. The nanowire core has a non-vertical sidewall structure (slanted-shaped waveguide). The sidewall angle is measured to be in the range of 60 to 75. Numerical simulations of the possible mode field, the power confinement, and the sensitivity are carried out for different slab thicknesses, operating wavelengths and cladding materials. This slant-shaped waveguide has the fixed dimension of 0.5 µm height, 1.0 µm topwidth, and 1.5 µm bottom-width. A red light source with operating wavelength of 633 nm is used in the experiment. The cladding material considered in the simulation has a refractive index in the range between 1.333 and 1.400. For the experiment glycerol solution with refractive indices of 1.333 and 1.363, respectively, at room temperature are used as the cladding mediums.
Simulation Results for Non-Vertical Sidewall Nanowires
The fundamental mode field inside the nanowire is studied using the full-vectorial finite element method. The slab thickness obtained from the fabrication is measured to be around 2 µm. By changing the slab thickness (t), the characteristic of the polymer rib nanowire with non-vertical sidewall can be modified. The change of effective index when varying the slab thickness for quasi-TM and quasi-TE modes is shown in Fig. 10 . Similarly to the designed structure nanowire, the quasi-TE mode has a slightly higher effective index than the quasi-TM mode. With the slab thickness between 1 to 5 µm, the effective index is increased dramatically when the slab layer is larger. For the slab thickness greater than 5 µm, the core height of the nanowire is too small compared to the slab layer which cannot influence the change in the effective index of the whole structure. Therefore, the effective index value becomes almost constant at around 1.52 which is the refractive index of the nanowire. The insets show the H-field for quasi-TM mode (left) and quasi-TE mode (right) for the structure with the slab thickness of 2.0 µm.
Next, a fixed slab thickness of 2 µm is considered to study the characteristic of the nanowire over the operating wavelength and cladding material as it exhibitsa better confinement. The change in power confinements in the core and cladding regions over the wavelength are presented in Fig. 11 . The power confinement in the cladding region is greater when the operating wavelength increases, as shown in Fig. 11 . Similarly to the ridge waveguide, the effective index of the structure is decreased when the operating wavelength is increased. Therefore, there is less confinement of the optical field in the guiding region at a large wavelength.
The sensitivity of this ormocomp rib nanowire with nonvertical sidewall calculated from Eq. 2 is shown in Fig. 11 . The sensitivity of the nanowire is improved when increasing the refractive index of the cladding material for both the quasi-TM and quasi-TE modes. Similarly as for the nanowire shown in Fig.  5 , for the ridge nanowire, the quasi-TM mode also has higher sensitivity than the quasi-TE mode as shown here. However, the fabricated nanowires have two orders of magnitude lower sensitivity than the designed nanowire since the fabricated rib waveguide modal field shifts away from cladding region to the lower planar slab region Highly slanted waveguides can induce polarization rotation, thus leading to mode coupling [27] . The above effect has been considered in the simulations of the device, however, found not to have a significant contribution due to the lower index contrast and nearly symmetrical deformation of the structure examined in the present work.
Experimental Results for Non-Vertical Sidewall Nanowires
This section contains two main parts, the optical imaging and attenuation coefficient extraction (). The slant-shaped ormocomp nanowires obtained from the nano-imprint method are used in the experiment. The optical experiment is performed to image the optical field at the output of the signal guided along the nanowire. The optical image is then processed to obtain the intensity which is later used to extract the attenuation coefficient of the nanowire (nw). The operating wavelength in the experiment is 633 nm which is the red light source. The three cladding mediums used are air (n=1.000), water (n=1.333)and glycerol solution (n=1.363).
Optical Imaging
The optical setup to image the signal consists mainly of a red LED light source (=633 nm) connected with a single mode optical fiber, the sample stand and two CCD cameras. The light source and the CCD cameras are places on a xyz stage. The schematic of the optical setup to image the optical output signal is demonstrated in Fig. 13 . The red LED is connected to a single mode optical fiber and it is used as a light source (650 nm) as shown in Fig. 13 . An objective lens with a magnification of 20x is used to focus the light, and also to enhance the input signal. For the alignment process, the objective lens with the magnification of 10x connected with CCD camera is placed on the top of nanowire stand. It is used to align the optical fiber and the ormocomp nanowire. Following the alignment, the focused light is coupled into the specific nanowire, and then propagates along the wire. The output signal is detected by another CCD camera connected by a 20x objective lens which is used to magnify the output image. The optical output detected by the CCD camera is shown in Fig. 14 . The image of the optical field output is then processed to extract the output intensity. In order to extract the average output intensity from the CCD camera image, the highest intensity point in the image needs to be located first. After that, the points where the intensity is more than 70% of the maximum intensity have to be located. The high intensity points are now scattered. Therefore, the center of scattering is marked, and enclosed by the square boundary. The average intensity is finally calculated from the intensity profile located inside the boundary. The average intensity of one nanowire is presented in the inset of Fig. 14(b) .
It can be observed that the optical field image obtained from the CCD camera, as shown in Fig. 14(b) , matches with the optical field image from the simulation shown in Fig. 9(b) , where the field is more confined in the substrate region. With the simulation, it is shown that some of the field extends into the cladding region. However, the percentage of power confinement in the cladding region is very small and cannot be observed from the camera images.
Attenuation Coefficient Extraction
After extracting the output intensity from the nanowire, the attenuation coefficient can be calculated using Beer-Lambert law:
where is the intensity of the transmitted light, is the intensity of the incident light, is the attenuation coefficient, and is the path length. However, since the proposed nanowire structure is also enhanced by the feed and tapered waveguides,their attenuation coefficients (wg and tp) are also presented together with the attenuation coefficient of the nanowire (nw). By rearranging Eq. 5, the relation of each attenuation coefficient can be derived as a linear equation as shown below:
The intensity of incident light in this work ( ) is the intensity of the light transmitted from the reference feed waveguide (wire no.6 in Fig. 8 Fig. 15 .
With the air-cladding, the relation of the attenuation coefficient between the feed waveguide and the nanowire, obtained from slope, can be presented by 2( − )==-1.1824 cm -1 where the negative sign represents a greater attenuation coefficient in the nanowire than the feed waveguide. This is due to the smaller size of the nanowire which suffers from higher losses. In the experiment, water (n=1.333) and glycerol solution (the mixture of water and glycerol with the volume ratio of 4:1, n=1.363) are also considered as cladding mediums. For the water-cladding, the calculated  is about -0.7546 cm -1 whereas  of -0.6980 cm -1 is obtained for glycerol solution-cladding. The difference between the attenuation coefficients () is reduced when the refractive index of cladding material is increased. The change in  over the different cladding materials achieved from the experiment is shown in the Fig. 16 . The power confinement in the guiding region is smaller with an increase of the refractive index of the cladding material (smaller n). Hence, the attenuation coefficient is increased if the nanowire with a smooth surface is considered. However, the fabricated nanowire does not have asmooth surface. The surface roughness arises from the fabrication process used here, and this causes the scattering loss. The increase of the cladding-index minimizes the difference of the refractive index between core and cladding (n). Hence, the scattering from the surface is reduced leading to a smaller attenuation coefficient. In this work, only the scattering from the interface between core and cladding is considered. The scattering effect from the core-substrate interface is assumed to be very small and can be negligible. The relation between scattering from surface roughness and the attenuation coefficient () derived from simple theory of surface scattering [23, 28] is defined as follows:
where  is the root-mean-squares surface roughness, is the transverse propagation constant in the core region ( = √ 2 2 − 2 ),  is the transverse propagation in cladding region ( = √ 2 − 2 2 ),  is the modal propagation constant, and h is the thickness of the nanowire. The average surface roughness of ormocomp nanowires measured from AFM is found to be around 0.10 µm. The change of attenuation coefficient () due to scattering effect with different cladding material is calculated and shown in Fig. 16 .
It can be observed from Fig. 16 that the variation of attenuation coefficient with respect to the refractive index of cladding material has the same trend for both numerical simulation work and experimental measurements. The attenuation coefficient is decreased as the refractive index of the cladding material is increased. This is due to the scattering effect from the surface roughness. However, higher loss shown in the simulations could be due to the value of surface roughness () consider here. Besides that experimental results shows the differential loss (subtracting the substrate loss, wg) but the numerical simulations calculated the overall possible scattering loss values. To study the sensitivity of the nanowire affected by the scattering from surface roughness, the change of attenuation coefficient over the change of refractive index of cladding material is calculated. In this paper, the attenuation coefficient difference when changing the cladding material from water (n=1.333) to glycerol solution (n=1.363) is investigated over the root-meansquare roughness (Rq) as shown in Fig. 17 . With the same cladding material, the nanowire structure with rough surface has a higher scattering loss than a nanowire with a smooth surface. The scattering loss at the surface of the nanowire enhances the sensitivity because there is more light interaction at the interface between the core and cladding regions. Fig. 17 shows the normalized value of the change in the attenuation coefficient over the change in the cladding-index with respect to the surface roughness for the calculation work. In the experimental work, the change of attenuation coefficient over the change of cladding refractive index is around 1.88 cm -1 with the surface roughness of 0.10 µm. It has lower sensitivity compared to the calculation which may be due to the external factor such as human error and instrument resolution.
Conclusion
This paper presents apolymer nanowire as an optical transducer fabricated using the nano-imprint technique which is simpler, and cheaper than other techniques. The polymeric material used in the fabrication isormocomp with refractive index of 1.52. The ormocomp nanowire is designed to be able to detect maximum change of effective index when the claddingindex is changed. The possible mode fields and the power confinement in the cladding region (sensitive area) in quasi-TM and quasi-TE modes are studied in order to optimize the dimension of the nanowire structure. The smaller nanowire has higher sensitivity due to the extension of the optical field in the cladding area. However, due to instrument limitations in the fabrication process, the non-vertical sidewall nanowire with 1.0 µm wide and 0.5 µm high was the smallest possible nanowire obtained for this work. The sensitivity of the non-vertical sidewall nanowire is less than the vertical sidewall structure. With higher refractive index of cladding material, the optical field is extended deeper into the cladding area, thus causing the higher attenuation coefficient when the surface roughness is neglected for an ideally smooth surface. Nevertheless, the attenuation coefficient tends to reduce when increasing the cladding-index. This is because the light scattered from surface roughness of core/cladding region is reduced when changing the cladding medium from water (n=1.333) to glycerol solution with a higher index (n=1.363). Therefore, the scattering loss is the dominant factor in this work. The scattering effect from the rougher surface provides a greater change in attenuation coefficient over the change of refractive index.
Further enhancement of this surface can be achieved by coating the top surface of the fabricated nanowire with a metallic layer, thus improving the sensitivity of the fabricated nanowire. The metal layer, such as gold for example, exhibits surface plasmon resonance and improves the sensitivity of the nanowires.
